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I. Introduction 
Several bacterial species are endowed with surface 
structures which are able to bind to complementary 
receptors on the surface of mammalian cells. This 
specific adhesion may be an essential step at the initia- 
tion of infection [ 11. In several enterobacteria the 
molecular structures responsible for this specific bind- 
ing are borne by non-flagellar filamentous appendages 
called fimbriae, which are classified into several types, 
according to morphology and adhesive property [2]. 
The active sites of Escherichia coli fimbriae are heat- 
labile proteins which can hardly be eluted and are able 
to agglutinate erythrocytes and to bind to the surface 
of epithelial cells [3,4]. Both the agglutinating activity 
of E. coli and its ability to adhere to epithelial cells 
are inhibited by the monosaccharide D-mannose, 
indicating that the receptors present on the erythro- 
cyte and on the epithelial cell surface have a mannose- 
like structure [3,4]. 
It has also been reported that mouse peritoneal 
macrophages and human polymorphonuclear leuco- 
cytes contain surface mannose residues which are 
involved in the binding of certain Gram-negative 
bacteria [5,6]. 
It is known that the surface receptors of phago- 
cytes for immunological reactants, such as the C3 
fragment of complement and the immunoglobulins, 
have separate roles in the phagocytic process. Namely 
the receptor for C3 is mainly involved in the binding 
of the particle whereas the receptor for IgG directly 
stimulates the ingestion [7-121. 
The question then arises as to whether the binding 
of bacteria to the phagocytes through the mannose 
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residues is followed by internalization. By using an 
electron microscopic assay for phagocytosis we show 
here that mannose-like structures are involved in the 
ingestion of E. coli by human polymorphonuclear 
leucocytes in suspension. 
2. Materials and methods 
2.1. Leucocy tes 
Human leucocytes were obtained from heparinized 
venous blood by dextran sedimentation. Dextran 
(1 ml, 4.5%) (mol. wt 150 000-200 000) solution in 
isotonic saline was added to 5 ml blood and the 
erythrocytes were let to sediment at room temperature. 
Leucocytes were harvested by centrifugation at 
250 X g for 7 min, were washed 3 times and were 
exposed to hypotonic saline for 30-90 s in order to 
lyse the contaminating red cells. Leucocytes were 
centrifuged again at 250 X g for 7 min and were finally 
resuspended in Krebs-Ringer-phosphate buffer (KRP) 
without Ca’*. The percentage of neutrophils (PMN) in 
the preparations used ranged from 75-85%. It was 
not necessary to further separate PMN from lympho- 
cytes and monocytes since these 2 types of cells did 
not appreciably affect the determinations carried out. 
In fact lymphocytes do not phagocytose nor exhibit 
a respiratory burst. Monocytes have a slower rate of 
phagocytosis than neutrophils and therefore their 
contribution to the total extent of phagocytosis 
would be irrelevant due to the small percentage of 
monocytes. Monocytes do have a respiratory burst 
but this is 70% mitochondrial and is therefore inhibit- 
able by mitochondrial inhibitors [ 131. For this reason 
307 
Volume 105, number 2 FEBS LETTERS September 1979 
we have used 2 mM KCN in the assays of oxygen 
consumption. 
2.2. Phagocytosable particles 
The following particles were employed: (i) E. coli 
553, a pro-, met- auxotrophic strain derived from 
K-12, employed f 141 as a representative of phago- 
cytosable E. coii; (ii) a strain of~hemoly~cus Strepto- 
coccus group A; (iii> polystyrene beads, 0.8 1 ~.th’l 
diam. (Latex, Difco, Detroit). E. coli was grown for 
48 h in nutrient broth (Difco) at 37°C; fl-hemolyticus 
Streptococcus was grown in BHI broth (Difco) at 
37°C overnight. Bacteria were washed 3 times in KRP 
without Ca2+ and suspensions of the desired concen- 
tration were prepared in the same buffer. 
2.3. Uxygen eo~sump~ion 
Oxygen uptake by intact cells was determined 
polarographicaliy with a Clark oxygen electrode 
attached to a recorder, as reported [ 15,161. The assay 
medium contained 2 mM KCN, 2 X 10’ PMN, and 
the sugar when required. The temperature was 37’C 
and the final volume was 2 ml. Phagocytosis was 
initiated by adding 2 X lo9 bacteria or 3 mg Latex. 
2.4. Measurement of phagocy~osis 
Aliquots of PMN suspensions incubated with 
particles,in presence or in absence of the sugars, were 
drawn directly from the electrode chamber 3 min 
after addition of the particles to be phagocytosed, 
and were fmed by addition of an equal volume of a 
3% solution of purified glutaraldehyde in 0.2 M 
cacodilate buffer (pH 7.2) containing 2% sucrose. 
After 1 h the suspension was centrifuged, and the 
pellet was resuspended in 1% osmium tetroxide 
solution in 0.1 M cacodilate buffer (PH 7.2). After 
dehydration in graded ethanols, the cell pellet was 
embedded in Dow epoxy resin 332 [ 171. Ultrathin 
sections, prepared by an ultrotome III (LKB), were 
doubly stained with an aqueous solution of 2% 
uranyl acetate for 30 min and lead citrate [ 181 and 
were examined in a Philips EM 300 electron micro- 
scope. For each preparation about 500 PMN were 
examined on the micrographs, and the number of 
bacteria-containing leucocytes and the number of bac- 
teria contained within individu~ leucocyte were 
recorded. In some experiments, the number of bacteria 
adherent to the leucocyte surface was also recorded. 
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3. Results 
Figure 1 is an electron micrograph of human PMN 
exposed to E. coli J53 in the presence or absence of 
a-MMP. Numerous bacteria were phagocytosed by 
each polymorph in the absence of the sugar while in 
its presence phagocytosis was strikingly inhibited. 
The number of bacteria adhering to the leucocyte 
surface was also markedly reduced in the presence of 
a-MMP. From a survey of a series of electron micro- 
graphs it was found that a mean of 5.75 bacteria were 
adherent to each polymorph in the absence of ~w-MMP 
and only 0.28 in its presence. 
A quantitative assessment of the effect of cu-MMP 
and other sugars on the interaction between human 
polymorphs and E. coli is given in table 1. Mannose 
and aMMP drastically reduced both the number of 
ba~teria~onta~~g cells and the number of bacteria 
inside each cell. The other sugars tested were ineffec- 
tive. The same table also shows the oxygen consump- 
tion of leucocytes at rest or phagocytosing E. coli J53 
in the presence or absence of the various sugars. The 
cells phagocytosing in the presence of D-mannose or 
(Y-MMP showed a markedly lowered oxygen consump- 
tion as compared to the cells phagocytosing in the 
absence of each of the two sugars. The other sugars 
tested had no si~i~c~t effect on the oxygen uptake 
of phagoGytos~g cells. None of the sugars tested, 
including D-mannose and (w-MMP had an appreciable 
inhibitory effect on the respiration of resting cells. It 
appears therefore that the decreased oxygen uptake 
of phagocytosing leucocytes in the presence of either 
D-mannose or a-MMP merely reflects the impaired 
uptake of particles (as one would reasonably expect) 
and not a toxic effect of the sugars on the cell metab- 
olism. Table 2 shows that while leucocytes exposed 
to E. coli J53 in the presence of tu-MMP had both a 
lower respiration and a lower phago~ytos~g than that 
of control cells, as already shown above, the leuco- 
cytes challenged with two other phagocytosable 
particles, namely Streptococcus and polystyrene beads, 
in the presence of c+MMP, had an oxygen consump- 
tion and a phagocytic activity similar to that of the cells 
in the absence of the sugar, This suggests that mannose- 
like residues are not involved in the phagocytosis of 
Streptococci and latex beads. Figure 2 is an electron 
micrograph showing phagocytosis of Streptococci by 
leucocytes in the presence and absence of (rMMP. 
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Fig.:.1 . EIectron mi~o~aphsofb~~~ ~olymorphonu~~e~ I~u~~cytos exposed to .??. co8 $53 in the absence (1 a) and presence (lb) 
of 25 mM a-methyhnannopyranoside. Examples of intracellular (la) or extracellular (lb) bacteria are indicated by the arrows, 
In (1 a) several bacteria adherent o the cell surface can be seen. In (1 b) neither ingested bacteria nor adherent bacteria are seen, 
Magnification 5270 X. 
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Fig.2. Electron micrographs of human polymorphonuclear leucocytes exposed to p-hemolyticus Streptococcus in the absence 
and presence (2b) of 50 mM a-methylmannopyranoside. Examples of intracellular bacteria are indicated by the arrows. The 
extent of phagocytosis was not appreciably affected by the monosaccharide. Magnification 5270 X. 
(2.4 
310 
Volume 105, number 2 FEBS LETTERS September 1979 
Table 1 
Effect of several monosaccharides on the phagocytosis of E. coli 553 by human polymorphonuclear 
leucocytes (PMN) and on the stimulated oxygen consumption associated with phagocytosis 
None 
cu-MGP 
D-mannose 
(Y-MMP 
Dgalactose 
L-fucose 
GalNAc 
GlcNAc 
98.44 7.03 16.5 99.5 
98.17 6.73 14.0 92.0 
27.0 0.70 15.8 33.7 
25.0 0.51 14.6 26.9 
99.42 6.99 20.2 97.2 
99.48 7.04 18.0 89.6 
98.20 7.23 18.0 94.0 
99.16 7.37 22.5 103.2 
Monosaccharide 
(25 mM) 
Phagocytosis 
% PMN contain- 
ing bacteria 
Mean number 
of bacteria/ 
PMN observed 
Oxygen consumption (natoms 
oxygen .min-’ .2 X 10’ PMN-‘) 
Resting Phagocytosing 
cells cells 
Abbreviations: or-MGP, a-methylglucopyranoside; o-MMP, or-methylmannopyranoside; GalNAc, 
N-acetylgalactosamine; GlcNAc,N-acetylglucosamine 
4. Discussion 
Phagocytosis is a process which takes place at least 
in two distinct steps: (i) the attachment of the particle 
to the phagocyte surface; (ii) the engulfment or inges- 
tion of the particle by the phagocyte. It is generally 
believed that a prominent feature of the surface inter- 
action between the phagocyte and the particle to be 
phagocytosed, after the two have arrived in close 
proximity to each other, is its discriminatory cha- 
racter [ 191. There is no doubt that binding of C3b or 
IgG to the particles makes them much better accepted 
by the polymorphonuclear phagocytes than the 
uncoated particle, permitting attachment and/or 
engulfment. This phenomenon, which is called 
opsonization, is due to the presence of specific recep- 
tors for these two immune reactants on the poly- 
morphonuclear leucocyte surface. Although phago- 
cytosis is strikingly enhanced by opsonins, and some- 
times depends entirely on them, there are several 
Table 2 
Effect ofa-methylmannopyranoside (or-MMP) on the phagocytosis of E. coli 553, p-hemolyticus Streptococcus 
and latex particles by human polymorphonuclear leucocytes (PMN) and on the stimulated oxygen 
consumption associated with phagocytosis of these particles 
Phagocytosable 
particle 
Concentration Phagocytosis 
of (u-MMP 
% PMN contain- 
ing particles 
Oxygen consump- 
tion natoms oxygen 
Mean number .min .2 X 10’ PMN 
particle/ 
PMN observed 
E. coli J53 - 98.44 7.14 83.0 
(2 x 109/2 X IO’ PMN) 25 mM 25.00 0.51 12.3 
p-hemolyticus Streptococcus - 57.0 4.11 86.0 
(2 x 109/2 X 10’ PMN) 50 mM 45.1 3.62 72.0 
Polystyrene beads - 71.8 4.56 45.0 
(latex) (3 mg/2 X 10’ PMN) 50 mM 67.2 4.22 33.7 
Phagocytosis was evaluated on electron micrographs. Values of the oxygen consumption are the differences 
between those of phagocytosing cells and those of resting cells 
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particles, including bacteria, which are phagocytosed 
without apparent need for serum factors. In such 
instances the properties or the structures of both the 
particles and the phagocyte responsible for the inges- 
tion are not defmed. 
We report here that D-mannose and o-methyl- 
mannopyranoside inhibited the ingestion of E. coli 
by polymo~honu~lear leucocytes. Neither D-man- 
nose or (r-MhIP had any effect on the phagocytosis 
of other particles, such as Streptococci and latex. 
These findings confirm data concerning the involve- 
ment of mannose residues in the binding of E. coli to 
phagocytes [S] and show in addition that such resi- 
dues also trigger the ingestion ofE. coli J53 by human 
polymorphonuclear leucocytes. The presence of 
D-mannose specific lectins on the surface of Gram- 
negative bacteria has been suggested on the basis of 
the inhibition of hemagglutination [3] or of the 
binding of E. co& to epithelial cells [4J by D-mannose. 
An extract from a strain of E. cdi K-12 has been 
obtained [4] which showed lectin-like properties. By 
analogy with [4] it is tempting to speculate that the 
strain used in our experiments may also have lectin- 
like structures, and that it is the masking of these 
structures by the mannose or the o-A/IMP added which 
inhibits phagocytosis. This hypothesis needs further 
investigation. It is interesting, however, that neither 
mannose nor a-MMP which successfully inhibit 
phagocytosis of E. coli, have any effect on the phago- 
cytosis of @-hemolyticus Streptococcus, indicating 
that the surface structures of these two bacteria 
whichinteract with the phagocytes are quite different. 
It is therefore conceivable to conclude that phago- 
cytosis of E. coli 553 by human polymorphonuclear 
leucocytes may be triggered by a D-mamrose-specific 
lectin-like substance present on the surface of the 
microorg~ism which binds to ~-manno~-lye recep- 
tors on the phagocyte surface. 
Acknowledgements 
This work was supported by grant no. 77.0 148 1.04 
from the National Research Council of Italy (CNR). 
References 
(11 Smith, H. (1977) Bacterial. Rev. 41,475~500. 
[2] Cprskov, I., Q)rskov, F., Jann, B. and Jann, K. (1977) 
Bacterial. Rev. 4 1,667-7 10. 
[3] Old, D. C. (1972) J. Gen. Microbial. 71,149-157. 
[4] Ofek, I., Mirelman, D. and Sharon, N. (1977) Nature 
265,623-625. 
[S] Bar-Shavit, Z., Ofek, I., Goldman, R., Mirelman, D. and 
Sharon, N. (1977) Biochem. Biophys. Res. Commun. 
78,455-459. 
[6] Silverblatt, F. J., Dreyer, J. and Shauer, S. (1977) 
ICAAC 212 abstr. 
[7] Ehlenberger, A. G. and Nussenzweig, V. (1975) Fed. 
Proc. FASEB 34,854 abstr. 
[8] Ehlenberger, A. G. and Nussenzweig,V. (1977) J. Exp. 
Med. 145,357-371. 
[9] Mantovani, B., Rabinovitch, M. and Nussenzweig, V. 
(1972) J. Exp. Med. 135.780-792. 
[lo] Mantovani, B. (1975) J. Immunol. 115,15-17. 
[ll] Ross,G.D.andPolley,M.J.(1974)Fed.Proc.FASEB 
33,759 abstr. 
[IZ] Scribner, D. J. and Fahrney, D. (1976) .I. Immunol. 
116,892-897. 
1131 Reiss, M. and Roos, D. (1978) J. Clii. invest. 61, 
480-488. 
[ 141 Rottini, G. D., Dri, P., Soranzo, M. R. and Patriarca, P. 
(1975) Infect. Immun. 11,417-432. 
[ 151 Rossi, F. and Zatti, M. (1968) Biochim. Biophys. Acta 
153,296-299. 
[ 161 Patriarca, P., Cramer, R., Mart.&, M., Moncalvo, S. and 
Ross&F. (1971)J.Reticuloendothel.Soc. 10,251-268. 
[17] Lackwood, W. R. (1964) Anat. Res. 1.50,129-140. 
[IS] Venable,J.H.andCoggeshall,R.(1965)J.CellBiol. 
24,407-408. 
[ 191 Elsbach, P. (1977) in: The Synthesis, Assembly and 
Turnover of Cell Surface Components (Paste, G. and 
Nicholson, G. L. eds} pp. 363-402, Else~er/North- 
Holland, Amsterdam, New York. 
312 
